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Introduction
ZnO has a range of promising material properties including a wide direct band gap (3.37 eV) and a large exciton binding energy (60 meV) [1] . Furthermore, low dimensional ZnO single crystal nanostructures can be grown in a variety of morphologies with excellent crystalline quality and optical properties [1] . This has resulted in considerable interest in the growth of ZnO based nanostructures such as nanorods, nanowires and nanobelts. Amongst this range of morphologies, vertically aligned ZnO nanostructures (1D) have been of particular interest because this morphology is especially well suited to potential applications in optoelectronic devices (as it enables efficient electrical contacting of arrays of nanorods) and in field emission devices [2] [3] [4] .
Many deposition techniques including vapour phase transport (VPT) [5] [6] [7] [8] [9] , metal-organic chemical vapour deposition (MOCVD) [1, 10] , hydrothermal deposition [11] , pulsed laser deposition (PLD) [12] , electrochemical deposition [13] , and chemical bath deposition (CBD) [14] have been used to grow vertically aligned ZnO nanorods with good crystalline quality and optical properties.
The utilisation of ZnO nanorods in optoelectronic devices is ultimately determined by the optical quality of the nanorods [3] . Thus an understanding of the different optically-active defects which contribute to the near-UV band edge photoluminescence (PL) in ZnO and its nanostructures and the relationship of these defects to the nanostructure morphology is key to the choice of the optimum deposition methods and conditions for a particular application. In this work we have grown ZnO nanorods by catalyst free VPT and catalyst free PLD, and characterised these deposits by x-ray diffraction (XRD), scanning electron microscopy (SEM) and low-temperature photoluminescence (PL), with the aim of further elucidating the origin of the recently reported 3.331 eV defect emission [12] . Comparison of the near band edge PL emission of the nanorod deposits grown by both PLD and VPT shows that the 3.331 eV emission is present in the former and completely absent in the latter (and also absent in the continuous PLD-grown seed layers). These data are considered in light of SEM data showing smooth, facetted VPT-grown nanorod surfaces, compared to rougher PLD-grown nanorod surfaces and provides strong support for the previous assignment of the origin of the recently observed 3.331 eV emission to structural defects in the inhomogeneous sub-surface region close to the rough nanorod surface.
Experimental details

ZnO Seed Layer Formation
ZnO seed layers were first prepared by PLD on Si (100) substrates for both VPT and PLD nanorod depositions. Prior to deposition, Si substrates were cleaned by ultrasonication firstly in acetone and then in isopropanol for 15 min each. The PLD apparatus was equipped with a high power, Q-switched, frequency-quadrupled Nd:YAG laser. The wavelength output 266 nm, repetition rate 10 Hz, pulse width 6 ns, laser energy 150 mJ and number of laser shots 5000 were used. The average laser fluency on the ZnO target (99.999%, PI-KEM) was fixed at 2 J/cm 2 and the target-substrate distance was also kept constant at 5 cm. The base pressure of the system was at 6×10 -5 mTorr while the deposition was carried out at an oxygen pressure of 100 mTorr. Before deposition, for the purpose of surface cleaning, the Si substrate was heated to 950 °C for 30 min and then cooled to 450 °C for 35 min. The deposition was then performed at this temperature. In order to achieve a better crystalline/textured seed layer after the deposition, the seed layer substrate was annealed to 750 °C for 20 min and then cooled back to 150 °C for 60 min. The thickness of the ZnO seed layers was measured to be ~ 120 nm.
Further details are given in reference [12] .
VPT Nanorod Growth
ZnO nanorods were grown by VPT on these ZnO-seeded Si substrates at 900 °C using an
Ar gas flow rate of 90 sccm for 1 hour. The temperature ramping of the furnace was varied between 25 and 50 °C/min till the temperature reached to 900 °C. 60 mg of high purity graphite powder and 60 mg of ZnO powder were ground together for a few minutes until a homogeneous mixture was obtained. This mixture was then loaded and spread carefully over a 2 cm length in a middle of alumina boat and the sample suspended above it. This boat was then loaded into the furnace for the nanorod growth. Further details concerning the growth process are reported elsewhere [5, 6, 15] .
PLD Nanorod Growth
ZnO nanorods were also grown by PLD on the ZnO seeded Si substrates described in section 2.1. Prior to deposition, the seed layers were annealed to 800 °C for 110 min. The ZnO nanorods were then grown at this substrate temperature in a 600 mTorr oxygen pressure using 40,000 laser shots for the deposition over a period of ~ 2 hrs. The laser specifications were the same as for the seed layer growth, described in section 2.1. After deposition, the substrate was cooled to 150 °C for 75 min. Further details on the PLD nanorod growth are reported elsewhere [12] .
Deposit Characterisation
The structural characteristics of the deposited materials were investigated by 2θ-ω XRD (Bruker AXS D8 Advance). Surface morphologies were studied by SEM (Carl-Zeiss EVO series). Low-temperature photoluminescence (PL) spectra were recorded using He−Cd laser excitation at 325 nm with a 1 metre SPEX 1704 monochromator coupled to a Hamamatsu model R3310-02 photomultiplier tube which was cooled to approximately −20 °C.
Results and discussion
Structural properties
XRD data ( [6, 7] and are comparable (albeit slightly larger than) the values for our PLD-grown ZnO nanorods. These data further indicate the highly textured nature (with caxis orientation) of the nanorod deposits and the high crystalline quality of these materials compared to literature reports.
Surface morphologies
Fig . 2 shows the surface morphologies of the PLD-grown ZnO seed layers (Fig. 2a) ,
VPT-grown ZnO nanorods (Fig. 2b, 2c and 2d) and PLD-grown ZnO nanorods ( Fig. 2e and 2f ).
The PLD-grown ZnO seed layer is observed to be quite smooth and continuous. PLD-grown ZnO seed layers have been reported to be excellent substrates for the growth of high quality nanorods by Li et al. and Jie et al. [7, 17] . Fig. 2b shows VPT-grown ZnO nanorods at a 30º tilt view while the inset shows a plan view of the same nanorods. Fig. 2c shows a higher magnification view of the individual VPT-grown nanorod morphology at the same 30º tilt view while the Fig. 2d shows 70º tilt view of these nanorods. These data show that the VPT-grown nanorods have excellent c-axis orientation normal to the substrate surface, which correlates well with the XRD analysis discussed above. with the SEM data in Fig. 2 [8, 9, 18] . SEM data from PLD-grown ZnO nanorods at 30º tilt view is shown in Fig. 2e while the inset shows a top view of the same nanorods. Fig. 2f shows an 85º tilt view of these PLD-grown ZnO nanorods. Although an identical PLD-grown ZnO seed layer was used for the growth of both VPT-and PLD-ZnO nanorods, the PLD-grown ZnO nanorods are very closely packed and the nanorod surfaces show evidence of considerable roughness, which is likely due to both the inhomogeneous sub-surface region of these nanostructures close to the nanorod surface, where a sub-surface transition region is seen from an inner crystalline region to an amorphous surface region as revealed by previous TEM studies [12] , as well as proximity effects from neighbouring nanorods contacting each other during growth. Once again the data show that the PLD-grown nanorods have excellent c-axis orientation normal to the substrate surface, which again correlates well with the XRD analysis discussed above. ZnO nanorods at 80º tilt view. The inset of (b) shows a plan view of (b) with a smaller magnification scale while the inset of (e) shows a plan view of (e).
The lengths and widths of the VPT-grown ZnO nanorods were extracted using 'Image J' software [19] and are in the range of 1. larger values than in previous works [6, 7] . ZnO nanorods is much greater than both the PLD-grown ZnO seed layer and the PLD-grown nanorods in both the near band edge and visible spectral regions (the latter shown in Fig. 3b ).
Optical properties
In the case of PLD-grown ZnO nanorods, a defect-related emission at 3.331 eV and its TES and LO replicas were also seen, as reported in our previous work [12] , which is not seen in either the PLD-grown seed layer emission or the VPT-grown nanorod emission. The intensity of this emission is comparable to the BX emission in the same sample. This emission was first reported in our previous report [12] and its origins investigated, using TEM and other studies of the nanorods involved. However the present study allows us to make comparisons with ZnO nanorod deposits grown by VPT, as well as with continuous ZnO film deposits. The data in Fig.   3 show that the 3.331 emission is seen only from the PLD-grown ZnO nanorods. Our previous study allowed us to tentatively assign the origin of this spectral feature to structural defects in the inhomogeneous sub-surface region close to the rough nanorod surface, where a sub-surface transition region from an inner crystalline region to an amorphous surface region is observed.
This study adds considerable weight to this assignment since the feature is not seen in a continuous film (where the sub-surface transition region from a crystalline to an amorphous structure, seen for PLD-grown ZnO nanorods, is not present) deposited by PLD at similar temperatures, nor is it seen in VPT-grown nanorods also deposited at similar temperatures which are well separated and display very smooth, facetted surfaces, indicative of nanorod crystallinity continuing right to the nanorod surface. The emission is only seen from PLD-grown ZnO nanorods which are very closely packed and whose surfaces show evidence of considerable roughness, which is likely due to both the inhomogeneous sub-surface region of these nanostructures close to the nanorod surface, where a sub-surface transition region is seen from an inner crystalline region to an amorphous surface region [12] , as well as proximity effects from neighbouring nanorods contacting each other during growth.
The totality of data from our present measurements allow us to confidently assign the 3.331 eV emission to recombination at structural defects with slightly different environments in the inhomogeneous sub-surface region, where the transition from a crystalline to an amorphous structure means a variety of defects environments are present in the outermost parts of the crystalline region, giving rise to a relatively large inhomogeneous line width. Our data show that the appearance of this feature is intimately linked to the presence of an inhomogeneous subsurface region in the nanorods, and that the absence of such inhomogeneous sub-surface regions (in continuous films such as the PLD-grown seed layer) or their replacement by fully crystalline nanorods with smooth, facetted surfaces (in the VPT-grown nanorod sample) leads to the complete disappearance of this feature.
Conclusions
We have successfully grown ZnO nanorods by both VPT and PLD on PLD-grown ZnO seed in particular for the case of VPT-grown ZnO nanorods. In the near band edge spectrum from PLD-grown ZnO nanorods, a recently reported defect related emission was observed at 3.331 eV, which was not seen for either the PLD-grown seed layer or VPT-grown nanorod samples.
Overall, the present report allows us to confidently assign the 3.331 eV emission to recombination at structural defects in the sub-surface transition region from a crystalline to an amorphous structure, and shows that the presence of such an inhomogeneous sub-surface region is crucial to the observation of this emission feature. Hence the present work contributes to an important increase in understanding of the different optically-active defects which contribute to the near-UV band edge photoluminescence (PL) in ZnO nanostructures and the relationship of these defects to the nanostructure morphology, which is crucial to the choice of the optimum growth parameters when targeting a particular application.
